Hypoxic neuronal necrosis: Protein synthesis-
independent activation of a cell death program
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Hypoxic necrosis of dentate gyrus neurons in primary culture
required the activation of an orderly cell death program indepen-
dent of protein synthesis. Early mitochondrial swelling and loss of
the mitochondrial membrane potential were accompanied by re-
lease of cytochrome ¢ and followed by caspase-9-dependent acti-
vation of caspase-3. Caspase-3 and -9 inhibitors reduced neuronal
necrosis. Calcium directly induced cytochrome c release from iso-
lated mitochondria. Hypoxic neuronal necrosis may be an active
process in which the direct effect of hypoxia on mitochondria may
lead to the final common pathway of caspase-3-mediated neuronal
death.

A poptosis and necrosis are two distinct modes of cell death
initially defined by morphological criteria (1). In its most
classical form, such as death by deprivation of nerve growth
factor in sympathetic neurons, apoptosis activates a genetic
program in which cell surface receptors trigger the expression of
immediate early genes and death-signaling proteins, which ac-
tivate a cascade of proteolytic enzymes named caspases (2, 3).
Necrosis, by contrast, is usually seen as the passive explosion of
a cell overwhelmed by ionic fluxes. Although molecular mech-
anisms of apoptosis in the nervous system have been extensively
studied (4), mechanisms of neuronal necrosis have received little
attention, although necrosis is the predominant form of neuronal
death induced by hypoxia-ischemia, and seizures in the adult
brain (5-9). We studied the mechanism of necrosis induced by
hypoxia or hypoxia-ischemia in primary cultures of dentate gyrus
(DG) neurons and found that it involves the rapid but orderly
activation of caspases from their constitutionally expressed
precursors. This activation may result from the release of
cytochrome ¢ by calcium-loaded mitochondria and does not
require gene expression or protein synthesis.

Materials and Methods

DG Cultures. Cultures were prepared as described by Lowenstein
and Arsenault (10) with minor modifications. DG were dissected
from postnatal day 3 (P3) Wistar rat pups, incubated for 15 min
in Neurobasal/B-27 containing trypsin 0.25% (wt/vol) at 37°C,
and triturated with glass pipettes in Neurobasal/FBS (10%
vol/vol) to disperse the tissue. The supernatant (containing
dissociated cells) was centrifuged (130 X g), and dissociated cells
were redispersed in Neurobasal/FBS. Cells were plated at 400
cells per mm? onto 96-, 12-, or 8-well plates and incubated at 37°C
in a 5% CO,/95% O, incubator. Culture medium was removed
and replaced by Neurobasal/B-27 at day in vitro (DIV) 1 and
DIV 5. Hypoxia was induced at DIV 7 by 45 min exposure to 10
mM NaCN. Some cultures were treated with 300 nM stauro-
sporine. The research protocol was approved by the Institutional
Animal Care and Use Committee at the performance site.

Ultrastructural Studies. Cultures were fixed with 2.5% glutaralde-
hyde and 1.6% paraformaldehyde in 0.1 M cacodylate buffer for
1 h. After washing, the cultures were postfixed with 1% osmium
tetroxide in cacodylate buffer for 45 min, rinsed with water, and
en bloc stained with 1% uranyl acetate for 1 h. The cultures were
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then dehydrated with graded ethanols and embedded in Spurr
Epon. The thin sections were stained with uranyl acetate and
lead citrate and viewed with a Philips (Eindhoven, The Neth-
erlands) 201C transmission electron microscope.

Light Microscopic Immunocytochemistry. Cultures, plated on eight-
well chamber slides (Lab-Tek), were fixed with paraformalde-
hyde 4% (wt/vol) for 30 min, washed three times with phosphate
buffer (PB) 0.1 M, and incubated with PB 0.1 M containing
gelatin 0.2% (wt/vol; PB-G) for 1 h, then incubated for 90 min
with a rabbit polyclonal Ab to the p20 active fragment of
caspase-3 (caspase-3,) (R & D Systems; AF835; see ref. 11 for
Ab specificity) diluted in PB-G (0.3 pg/ml), or with rabbit
polyclonal Ab to fractin (product of actin cleavage by active
caspase-3; PharMingen; 551527; see ref. 12 for Ab specificity)
diluted in PB-G (1:1000), or with a mouse mAb to cytochrome
¢ (PharMingen, 556432) diluted in PB-G (1:100). Cultures were
then washed three times with PB-G and incubated for 90 min
with anti-rabbit polyclonal or anti-mouse mAbs conjugated to
peroxidase (Amersham Pharmacia, NA934 and NA931) diluted
in PB-G (1:100). After washing, staining was revealed with
diaminobenzidine for 10 min. Control experiments, including
incubation without primary Ab or with a nonimmune rabbit or
mouse serum, did not show any staining. Cultures were coun-
terstained with the nuclear dye Hoechst 33342. We counted the
percentage of caspase-3, or cytochrome ¢ immunoreactive cells
in eight fields in each group. Some cultures were preincubated
with 200 nM Mitotracker orange (Molecular Probes; M-7510) 30
min before paraformaldehyde fixation.

Caspase-3, and Cytochrome ¢ Double Staining. After fixation and a
1-h saturation with PB-G, cultures were incubated for 10 min
with PB-G containing Triton X-100 0.1%, then with anti-
caspase-3, and cytochrome ¢ Abs as described previously. Dou-
ble staining was revealed with anti-mouse mAbs conjugated to
FITC (1:100, Jackson ImmunoResearch) and anti-rabbit poly-
clonal Abs conjugated to Cy3 (1:100, Jackson ImmunoRe-
search). After counterstaining with Hoechst 33342, the triple
label was viewed on a scanning wide-field microscope with image
deconvolution (Scanalytics, Billerica, MA).

Electron Microscopic Inmunocytochemistry. Preembedding immu-
nogold labeling was used to localize caspase-3, and cytochrome
¢ immunoreactivity. Cultures were fixed and incubated with
primary Abs as described previously for light microscopic im-
munocytochemistry. After washing, cultures were incubated
with PBS containing 0.1% cold fish gelatin (CFG) and 1%
normal goat serum (NGS) for 15 min and incubated for 90 min
with anti-rabbit polyclonal or anti-mouse mAbs conjugated to 1
nm of gold particles and diluted in PBS containing 0.1% CFG.

Abbreviations: DG, dentate gyrus; PB-G, phosphate buffer containing gelatin; EM, electron
microscopy; caspase-3,, active fragment of caspase-3; CHX, cycloheximide.
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Fig. 1. Hypoxia induces early swelling of mitochondria and necrotic neuronal death. Ultrastructure of control (A), hypoxic (1 and 24 h after hypoxia; B and C),
and staurosporine-treated (24 h after staurosporine treatment; D) neurons was studied by EM. One hour after hypoxia, most cytosolic and nuclear morphology
is intact, and mitochondrial swelling (arrows in B) is the first sign of cell damage. It evolves toward necrosis with severe cytoplasmic swelling, including
mitochondrial swelling, membrane rupture, and tigroid-type chromatin fragmentation (24 h after hypoxia; C). (D) By contrast, the staurosporine-treated neuron
displays a characteristic apoptotic morphology with large masses of chromatin. (Bars = 1 uM.)
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Fig. 2. (A-D) Control neurons (no Triton X-100, peroxidase technique) are not cytochrome c-immunoreactive (A) and have a high mitochondrial membrane
potential indicated by Mitotracker orange dye (C). Hypoxic neurons 3 min after NaCN application are cytochrome c-immunoreactive (arrows in B) and show a
severe loss of mitochondrial membrane potential (D). (E) Cytochrome c release preceded caspase-3 activation. Sister cultures were stained with anti-cytochrome
c and anti-caspase-3, Abs. Data are mean = SEM of four independent determinations in each group, analyzed by one-factor ANOVA with post hoc t tests using
the pooled SD and « = 0.05. *, <0.05 or **, < 0.001 vs. 0 min for cytochrome c. #, <0.05 or ##, < 0.001 vs. 0 min for caspase-3,. (F-H) Electron photomicrographs
of mitochondria stained with anti-cytochrome c Abs in control (F) and after 45 min of NaCN exposure (G and H). In control cultures, mitochondria are undamaged
and cigar-shaped. Cytochrome c staining, revealed by gold particles, is located in the intermembrane space. In hypoxic cultures, mitochondria are swollen and
outer membranes are sometimes ruptured (arrow). Cytochrome ¢ immunoreactivity is located in the cytosol. (Bars = 0.5 uM.)
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Fig. 3.

(A-F) In the control neuron (A-C, Triton X-100-treated), the nucleus (stained with Hoechst 33342, A) is large, cytochrome cstaining is punctate, reflecting

its mitochondrial localization (B), and no caspase-3, immunoreactivity is visible (C). Five hours after hypoxia, a hypoxic neuron has a shrunken nucleus (D) and
diffuse cytochrome c staining throughout the cytoplasm (E), and is immunoreactive for caspase-3, (F). (G) Inhibitors of caspase-3 (DEVD-fmk), caspase-9
(LEHD-fmk), and the general caspase inhibitor ZVAD-fmk reduce hypoxic neuronal death, whereas caspase-1 inhibitor (YVAD-fmk) has no effect. Cell survival
was determined 24 h after NaCN by using trypan blue. All these inhibitors had no effect on control cultures. Data are mean = SEM of seven independent
determinations in each group, analyzed by one-factor ANOVA with post hoc t tests using the pooled SD and « = 0.05 (*, <0.05; **, < 0.01; ***, <0.001). (H) A
caspase-9 inhibitor (LEHD-fmk) substantially decreases the number of caspase-3,-positive cells in hypoxic cultures, suggesting the existence of a cascade leading
to caspase-3 activation. LEHD-fmk (100 uM) was added 45 min before NaCN application and again after hypoxic treatment. Control and hypoxic wells were
treated with vehicle (0.2% DMSO). Cultures were fixed with 4% paraformaldehyde 24 h after hypoxic treatment. Data are mean + SEM of four independent
determinationsin each group, analyzed by one-factor ANOVA with post hoc t tests by using the pooled SD and a = 0.05. *, <0.001 vs. control; #, <0.001 vs. NaCN.

The cultures were washed with PBS containing 0.1% CFG and
2.5 M NaCl for 20 min, and washed for 10 min with CFG and
NGS, then several times with distilled water. Gold staining was
intensified by silver enhancement. Cultures were postfixed with
0.1% osmium, stained with 1% uranyl acetate, dehydrated with
ethanol, embedded with Spurr Epon, and thin-sectioned. Sec-
tions were stained with uranyl acetate and lead citrate and
viewed on a Philips 201C TEM.

Caspase Inhibitors. Cultures were preincubated with caspase in-
hibitors (Enzyme Systems Products, Livermore, CA) 45 min
before NaCN exposure and this procedure was continued during
and after hypoxic treatment. Control and untreated hypoxic
wells were incubated with vehicle (0.2% DMSO) 24 h after
hypoxia, and neuronal survival was determined by trypan blue
assay in 4 wells in each group. Neurons were easily recognized
by their birefringent cytoplasmic membranes.

Niquet et al.

Western Blots. Western blots were performed according to Niquet
etal. (13) and incubated with Abs recognizing both the precursor
and the active form of caspase-3 (Santa Cruz Biotechnology,
H-277) or exclusively the active form (Chemicon, AB3623).

Isolated Mitochondria. Isolated mitochondria were prepared ac-
cording to Brustovetsky and Dubinsky (14) with minor modifi-
cations. During brain homogenization, EGTA was substituted by
EDTA. The purity of the preparation was confirmed by electron
microscopy (EM). Western blots were performed as described by
Gogvadze et al. (15).

Results

In DG cultures exposed to 10 mM NaCN for 45 min, ~90% of
neurons (identified by immunoreactivity against NeuN, a neu-
ronal marker) died 24 h after hypoxia, because they stained with
propidium iodide. Survival of GFAP-immunoreactive glia was
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Fig. 4.

Five hours after NaCN treatment, a neuron with relatively intact nucleus, ruptured plasma membrane, and grossly swollen organelles is clearly necrotic

but activated caspase-3 (caspase-3,) immunoreactivity (gold particles, arrows) is present throughout the cytoplasm (A). In another necrotic neuron at 24 h (B),

caspase-3, has diffused into the nucleus as well. (Bars = 1 uM.)

not affected (data not shown). Combining the same cyanide
treatment with glucose deprivation (“ischemia’) had very sim-
ilar effects on the neurons. By EM, many hypoxic neurons
showed early swelling of mitochondria and endoplasmic reticu-
lum, in the presence of an intact nucleus (Fig. 1B), and evolved
later toward necrosis with severe cytoplasmic swelling and
membrane rupture (Fig. 1C). This finding was in sharp contrast
to staurosporine-treated apoptotic neurons, which displayed
nuclear breakdown into large, round masses of chromatin (Fig.
1D). Hypoxic necrosis evolved rapidly: we observed a progressive
loss of the mitochondrial membrane potential Ay within a few
minutes of cyanide application (Fig. 2 A-D). This Ay decay was
always synchronous with release of cytochrome c¢. Even in the
absence of the Ay-sensitive dye Mitotracker orange, which may
accelerate mitochondrial depolarization (16), cytochrome c re-
lease was already visible 30 min after NaCN application, and was
maximal after 45 min of hypoxia (Fig. 2E). At that time,
exclusion of trypan blue or propidium iodide was completely
preserved, excluding the possibility that cytochrome ¢ release is
a consequence of cell death. Cytochrome ¢ release was not
cyanide-specific but was shared with other inhibitors of the
mitochondrial electron transport chain, because it was observed
after 45 min exposure to 2 uM rotenone (23.4 = 6% of cells were
cytochrome c-immunoreactive), 20 mM azide (39.5 = 5.1%), and
20 uM antimycin (13 = 2.7%). In controls, the localization of
cytochrome ¢ between the inner and outer mitochondrial mem-
branes could be seen clearly (Fig. 2F), and by the time that
cytochrome ¢ release was visualized immunocytochemically,
some breaks of the outer mitochondrial membrane could be
identified (Fig. 2 G and H).

Caspase-3 activation was present 5 h after hypoxic exposure,
when 75% of the activated form of caspase-3 (caspase-3,)
immunoreactivity colocalized with cytochrome ¢ (Fig. 3 A-F),
and was maximal at 24 h, when cytochrome ¢ was almost entirely
degraded. Western blots incubated with the H-277 Abs con-
firmed the presence of the precursor of caspase-3 (32 kD; p32)
in control cultures and the appearance of caspase-3, (20 kD; p20)
in hypoxia-treated cultures. Western blots incubated with the
AB3623 Abs showed a faint caspase-3, immunoreactivity in
control cultures and a dramatic increase in hypoxia-treated
cultures (data not shown). Fractin immunoreactivity, revealing
actin cleavage by caspase-3,, increased in hypoxia-treated cul-
tures (16.8 = 1.7% IR cells in hypoxic cultures vs. 7.7 = 1.3% IR
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cells in control cultures; P < 0.05 by Student’s ¢ test), confirming
that caspase-3, was functional. The general caspase inhibitor
ZVAD-fmk, the caspase-9 inhibitor LEHD-fmk, and the
caspase-3 inhibitor DEVD-fmk all improved neuronal survival
(Fig. 3G). All caspase-3,-immunoreactive cells were double-
stained with propidium iodide after hypoxia, suggesting that
caspase-3 activation kills the neurons (data not shown). This
result is consistent with the protective effect of the relatively
specific caspase-3 inhibitor DEVD-fmk (Fig. 3G). Activation
of caspase-9 was located upstream of caspase-3, because
the caspase-9 inhibitor LEHD-fmk inhibited hypoxia-induced
caspase-3 activation (Fig. 3H). By EM, caspase-3, immunoreac-
tive cells had a necrotic morphology. Most caspase-3, staining
was limited to the cytoplasm 5 h after hypoxia, explaining the
predominant location of proteolytic damage near the mitochon-
drial site of release, and spread to the nucleus by 24 h (Fig. 4).

These results suggest that hypoxia-induced necrotic death
depends on cytochrome ¢ release and caspase activation. Be-
cause this hypoxia-induced “programmed necrosis” (17) and
classical apoptosis share a common final pathway, we asked
whether they were triggered by an identical mechanism upstream
of cytochrome c release. Protein synthesis is usually required for
the translation of immediate early genes and/or signaling pro-
teins that trigger the apoptotic cascade, for example when
apoptosis is induced by lower concentration of cyanide (18).
Cycloheximide (CHX; 1 pg/ml) was effective in blocking cyto-
chrome c release and caspase activation in stauroporine-induced
apoptosis of DG neurons but was totally ineffective in hypoxic
necrosis of the same cells (Fig. 5). This finding is not surprising,
because during energy-poor states such as hypoxia or ischemia,
the large amounts of energy needed for synthesis of new proteins
are not available. It is notable that the caspase-3 proenzyme is
already expressed in control cultures and does not need to be
synthesized. The proteolytic cleavage of caspases from a pre-
cursor, which activates them, would be expected to require little
energy, and it is not surprising that it can take place in an
energy-poor state.

If genes that trigger cytochrome c release from mitochondria
are not expressed, would mitochondrial dysfunction induced by
hypoxia accomplish the same result? Calcium overloading of
mitochondria is known to cause mitochondrial depolarization
(19-21). A possible role for mitochondrial calcium accumulation
from energy failure and/or excitotoxic injury was suggested by

Niquet et al.
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Fig. 5. (A) The protein synthesis inhibitor CHX does not alter hypoxia-
induced cytochrome c release but inhibits staurosporine-induced cytochrome
c release. The graph represents the percentage of cells immunoreactive for
cytochrome c. Cultures were preincubated 1 h before NaCN or staurosporine
treatment with CHX (1 pg/ml). CHX was added again after the hypoxic
episode. Hypoxic cultures were fixed after 45 min of NaCN exposure (0 min
after hypoxia) or 5 h after hypoxia to study cytochrome c release. Staurospor-
ine cultures were fixed 6 h after treatment. Data are mean + SEM of three to
six independent determinations in each group, analyzed by one-factor
ANOVA with post hoc t tests using the pooled SD and a = 0.05. *, <0.05 and
**,<0.001 vs. control. #, <0.0001 vs. control and ##, <0.0001 vs. staurospor-
ine. (B) The protein synthesis inhibitor CHX reduces caspase-3 activation in
staurosporine-induced apoptosis but has no effect on hypoxic neuronal ne-
crosis. The graph represents the percentage of immunoreactive cells for
caspase-3,. Cultures were preincubated with CHX as in A and fixed 6 or 24 h
after staurosporine or NaCN treatment, respectively. Data are mean =+ SEM of
9-10 independent determinations in each group, analyzed by one-factor
ANOVA with post hoc t tests using the pooled SD and « = 0.05. *, <0.001 vs.
control; #, <0.0001 vs. control and ##, <0.0001 vs. ST.
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the observation that Ay decay was synchronous with cytochrome
¢ release (Fig. 2). Indeed, Western blots showed that very high
Ca?* levels, such as might be achieved by anoxic depolarization,
released cytochrome c in a cell-free mitochondrial preparation
(Fig. 6), as shown (22). Further work is needed to determine
whether the opening of the mitochondrial transition pore (which
would be expected from the Ay decay), breaks of the mitochon-
drial membrane, or yet other mechanisms are responsible for
cytochrome c release.

Discussion

These results suggest that, in this model, hypoxic neuronal
necrosis, far from being a passive event with cell swelling and
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lysis from overwhelming ionic fluxes, is an orderly process that
requires the activation of a cell death program. Our results
provide EM evidence of early cytochrome ¢ release into the
cytoplasm with concomitant loss of mitochondrial Ay, and
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(27-29), which activates caspases (30). The energy-intensive
process of expressing new genes is not required for programmed
necrosis nor would it be expected in the presence of energy
failure. The initial event of programmed necrosis seems to be
hypoxia-induced mitochondrial dysfunction, which releases cy-
tochrome ¢, activating constitutionally expressed procaspases.
Because all mitochondrial toxins used in this study cause energy
failure, which in turn induces calcium influx into mitochondria,
this is one possible mechanism of mitochondrial dysfunction,
which would explain why activation of DNA repair enzymes can
paradoxically enhance cell death (31), presumably through en-
ergy depletion, and would imply that other types of mitochon-
drial malfunction may well trigger similar cascades. This hypo-
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of a necrotic morphology (7, 8) and an apoptotic-like biochem-
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